A b s t r a c t A robust controller design for the coupled mass benchmark problem is presented in this paper. The applied design method is based on a modified D-K iteration, i.e. p-synthesis which take care of mixed real and complex perturbations sets. This p-synthesis method for mixed perturbation sets is a straightforward extension of the standard D-K iteration for complex perturbation sets.
iteration. Preliminary results on mixed p -K iteration can be found in [TCASN94a] , [TCASN94b] , and in [TCASN95] . The key result in this paper is to show how this p-K iteration can be applied to the benchmark problem with mixed perturbation sets and compare the results for controllers designed by using the standard D-K iteration for complex pertubations. The rest of this paper is organized as follows. In Section 2, the benchmark problem is shortly introduced followed by a short description of the modified p-K iteration method in Section 3. Section 4 includes the design example. A conclusion is given in Section 5.
The Benchmark Problem
A complete description of the benchmark problem can be found in [WB92] . The state space description of the two mass/spring system is represented by: (1) where x1 and x2 are the position of body 1 and 2, respectively; z 3 and z 4 are the velocities of body 1 and body 2, respectively; U is the control input acting on body 1; y is the measurement signal; w is the disturbance acting on body 2; U is sensor noise; z is the output to be controlled; IC is the spring constant; ml is the mass of body 1; m2 is the mass of body 2. The design problem for the benchmark problem is defined by, 
For purely complex perturbation sets (m, = 0), the bounds in ( 3 ) reduce t o
p Synthesis
We may now formulate an optimal robust performance problem in terms of p:
where K denotes the set of all nominally stabilizing controllers (there might not exist an admissible controller achieving the minimum, but we make this abuse of notation for convenience). Note that 
which we will use in connection with mixed p synthe-
sis. The structured singular value, p , is then defined as follows.
where
Definition 1 (Structured singular value) 
For purely complex perturbations, the control problem reduce to 1
Unfortunately, (2) 
The control problems (6) and (7) are both scaled optimization problems. Scaled U , optimizations have recently been an area of intensive research within the automatic control community. However, no solution to (6) or (7) has yet been found. Rather iterative approximate solution procedures have been developed for both purely complex and mixed perturbation sets. then will minimize the X,-norm of an augmented system which closed with the previous controller K1 ( s ) has maximum singular value approximating mixed p. New mixed and complex p bounds may then be computed and the procedure may be repeated. The procedure outlined so far is described in the preliminary paper [TCASN94a] . However, it is easy to construct simple control problems, e.g. the double integrator in [You94] , where the iteration does not converge. The problem is that we may suffer from "pop-up" type phenomena. However, in [TCASN94a] it was demonstrated that by filtering I' through a stable first order filter, the "popup" type phenomena could be avoided with proper choice of filter constant.
Design Example
A controller design for the benchmark problem based on the modified p-K iteration is presented in this section. First, let us consider the design setup based on the design problem given in Section 2 .
Design Setup
We will use the same design setup as used in [BM92] . A short description follows below.
The spring constant and the two masses are assumed to be uncertain and are given by: 
where in general the input weights W, and W, weight the frequencies to be rejected and the relative importance of the noise and disturbance. The W, is the performance weight and W, is used to limit the magnitude of the control input. As in [BM92] , a diagonal structure is applied for the performance specifications. We will use the same constant weight matrices as used in [BM92] . Now, consider the block diagram in Fig. 1 with the general interconnection structure for systems with structured perturbations. In [BM92] , all weights has been selected as constant weights, which make it quite simple to setup a state space description of N. Here we will also use constant weights apart from the weight on the measurement noise, W,, which has been selected as a first order 
and let W, be represented by the following state space description:
Controller Design
The weight matrices for the robust design problem has been selected as follows:
Note that the weights on the three real uncertain parameters, k,ml and m 2 is 0.3 instead of 0.2 as used in
Controllers designed both by using the standard D-K iteration for complex perturbations and the p-K iteration for mixed pertubations are derived with the weight matrices given above. The results of the design is shown in the table below, Figure 2 and in Figure 3 .
The D-K iteration result in an upper bound for both complex p and mixed p at 1.50 for a controller reduced to order 7. The closed loop is marginally stable with 30% independent variation in the three uncertain parameters. Further, the response of an impulse at w is reduced to less than 10% of maximal output after 16 sec. These values do not meet the original specifications.
For the p-K iteration, we get the following upper bounds for mixed p:
With these definitions of d, e and A, a state space description of the complete system with perturbations is Iter. no.
given by: After iteration no. 6, the controller has been reduced from order 50 to order 9. The reduced order controller designed with the p-K iteration guarantees robust performance, i.e. p ( M ) < 1 (the upper bound for /I when all perturbations are considered as complex is close to 2.5). (Note that the reduced order controller surprisingly does slightly better. This phenomenon, though, was not encountered in other situations.) The closed loop system is robustly stable for up t o 40% independent variation in the three uncertain parameters. Further, the response from an impulse response is reduced to less than 10% of max. output in 12 sec, see 
. Conclusion
The p-K iteration for mixed perturbation sets has shortly been introduced in this paper, The design method has then been applied on the coupled mass benchmark problem and compared with the standard D-K iteration for complex perturbation sets. The benchmark example indicates that the presented p-K iteration can be advantageously applied to the benchmark design problem. Compared to using the standard D-K iteration, where all perturbations are considered as complex perturbations, the p-K iteration result in much better results. This indicates also that we in general need to take care of real parameter uncertainties to avoid conservatism in the design. The same conclusion has been found in [BM92] , where the designed controllers has been analyzed by mixed p analysis. As described in Section 3, the rationale of the p-K iteration is just to use the standard D -l i iteration scheme and add an additional scaling to take care of the gap between the mixed and the complex upper bound for p. This method is computationally simpler than the p synthesis method for mixed perturbation sets derived by Young, see e.g. [You94], which is directly based on the upper bound for the mixed p. The two methods have not been explicitly compared here, but in [TCASN95] , a double integrator system taken from [YA94] has been considered. The result is that the p-K iteration approach results in a considerably lower p upper bound than the controller designed by using the approach by Young. The p-K iteration approach has been applied to other examples with good results, see the examples given in [TCASN94a, TCASN94b, TCASN951.
